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xSummary
Proton beam writing of silicon offers unique capabilities in the domain of micrometer
scale device design. Its versatility and high resolution, combined with its ability to
produce both micromachined 3-dimensional structures and porous silicon patterns in
one process, make it a very promising method that could enable the creation of
electronic, mechanical and light emitting components interacting on one single chip.
Silicon micromachining and patterned porous silicon formation by ion irradiation of
silicon followed by electrochemical etching have thus been the focus of much
research work at CIBA in the recent years. Promising results, as well as first problems
encountered, have highlighted the need for a better understanding of how the damage
caused by high-energy, focused proton and helium beams causes the local hole
current to change.
TCAD simulations of ion irradiation for silicon micromachining and porous silicon
micro-patterning purposes are exposed in this study. They give an insight on the
physics of these processes, theoretical means of structure definition improvement, and
practical information for experimental work.
The damage created by ion irradiation is modelled by electron and hole traps
introduced in the silicon crystal. Depth distribution of the damage, specific to each
type of ion, is input into the software. A bias is applied to the simulated wafer and the
flow of holes is monitored by observing both the electric field in a planar cross
section of the wafer and the local hole current at the interface between the sample and
the etching solution.
From these observations, a possible physical origin of the lowering of porous silicon
formation rate by ion irradiation is stated. It explains through simple electrostatic
considerations how the flow of holes is repelled from damaged region during etching
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and how porous silicon formation, proportional to the hole current density, is locally
slowed.
A number of experimental parameters are investigated in our simulations, two of
them, ion dose and resistivity of the wafer, are found to be likely to play an important
role in structure resolution improvement.
In simulations linked directly to experimental work, ion dose is also found to be a key
parameter for the creation of multi-height structures. Simulations show the feasibility
of linear-tapered waveguide or lens structures through adequate variation of ion dose
across the irradiated pattern. Promising results are shown. Dose variation has also
applications in the photoluminescence field by enabling the accurate tuning of
emission wavelengths.
1Chapter I:  Introduction
At CIBA much recent work has been undertaken on focused, high-energy ion beam
irradiation in conjunction with electrochemical etching, for the production of silicon
micromachined structures and patterned porous silicon applications. Many
microstructures have been fabricated with lateral dimensions of a few microns and up
to twenty microns in depth. However, two issues have arisen from these initial
experiments. Firstly the spatial resolution of the focused ion beam (~100nm) has not
yet been fully reproduced in the machined structures and secondly some
microstructures have not etched according to simple assumptions based on beam dose
within the spatially resolved patterned area. Recent simulation work conducted at the
University of Melbourne on high-energy light-ion implantation in silicon using
DESSIS TCAD software [1] have produced good results and inspired a programme of
simulations in order to gain a better understanding of the basic processes involved in
silicon micromachining and patterned porous silicon formation. The NUS computer
centre runs on its Linux cluster a TCAD software package, Medici, which we have
decided to use to study the effect of ion irradiation on the flow of hole currents
through silicon wafers.
Computer simulations have offered the advantage of both giving a localized and
inside grasp of the physics of ion-irradiated silicon, and giving results in a
dramatically shorter time than experiments. They also helped to optimise
experiments.
2I.1 Porous silicon
Porous silicon is a material obtained from silicon through electrochemical etching in a
hydrofluoric acid solution. It is composed of an array of pores with silicon walls. The
size of the porous holes ranges from a few nanometres to microns depending on the
wafer type and the etching conditions. Its specific structure gives porous silicon
unique properties that distinguish it from bulk silicon, the most spectacular ones being
its higher light emission capabilities, greater mechanical fragility and chemical
reactivity. Uses for each of these properties have been found in optoelectronical
component designing and micromachining.
I.1.a) Porous silicon formation
Porous silicon forms when a bulk silicon sample is dipped in dilute hydrofluoric acid
while electrical holes are brought to its surface. Two different experimental setups are
used depending on the doping type of the silicon sample. For p-type silicon, an
electric field is created in the solution using the bulk silicon sample as the anodic
electrode. It transports the existing electrical holes to the surface of the sample. For n-
type silicon, the electrical holes have to be generated since there are few naturally-
occurring holes present. This is done by breaking electron-hole pairs in the bulk
silicon using halogen illumination of the sample during the etching process. The rest
of the setup is similar to the p-type case.
The chemical mechanism of porous silicon formation is still a disputed matter and no
developed model has managed to account for all the experimental observations of this
material formation [2]. The most commonly accepted mechanism is shown in Figure
I-1.
3Figure I-1: Porous silicon formation mechanism [3]
At the surface of the sample where electrical holes are being brought, Si atoms are
bound to hydrogen atoms. An electrical hole facilitates a nucleophile attack on a
silicon atom by a fluoride ion (Figure I-1a). An H+ ion is released, and once the
Fluorine-silicon bond is achieved, the Fluorine polarises the bond, attracting electrons
from the Si atom, and thus weakening its other bonds (Figure I-1b). These are then
more likely to be attacked by other F- ions, and eventually all four bonds are
substituted by Fluorine atoms (Figure I-1c and d). The resulting SiF4 (silicon-
tetrafluoride) molecule is released into the solution (Figure I-1e) [3].
According to the quantum confinement model, a characteristic of this reaction is its
preferential location: electrical holes are prevented from flowing in the silicon walls
and the reaction takes place at the bottom of the pores. At the scale of the nanometer-
thick silicon walls, quantum confinement induces a quantization of energy of
electrons and holes. The appearance of bound states for holes thus lowers the valence
band maximum while the appearance of bound states for electrons heightens the
conduction band minimum. Hence, the effective energy bandgap widens in the porous
4silicon walls and electrical holes coming from the bulk silicon are prevented from
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Figure I-2: Energy band modifications due to quantum confinement [4]
This gives the porous silicon its specific structure since the removal of silicon atoms
only takes place where holes are available.
I.1.b) Photoluminescence in patterned porous silicon
As mentioned earlier one of the major distinctions between porous silicon and bulk
silicon is their light emission capabilities. Silicon is a semiconductor with an indirect
bandgap resulting in very poor luminescence efficiency. On the contrary, porous
silicon has shown outstanding luminescence capabilities with a 104 times increase in
efficiency compared to bulk silicon [5].
The luminescence mechanism in porous silicon is still a strongly disputed issue. Two
different phenomena are believed to play an important role in this mechanism:
quantum confinement and surface states' effects. First, as previously discussed,
5quantum confinement effect leads to an enlargement of the bandgap. It also enables a
relaxation of the momentum conservation rule and it was at first suggested that porous
silicon might have a direct bandgap or a pseudo direct bandgap [6, 7]. Second, surface
states' effects are believed to be important since the surface-to-volume ratio of porous
silicon is very high. There is evidence supporting the prominent roles of these two
phenomena while none of them alone can fully explain all the experimental data [2].
Patterned porous silicon luminescence work makes use of ion beam irradiation to
pattern porous regions in bulk silicon. Namely, by first irradiating certain regions of
the bulk silicon with ions and thus by introducing defects that influence the electrical
hole flow in the wafer, porous silicon formation is altered in defined parts of the
wafers during electrochemical etching. Luminescence can be obtained through
excitation of the silicon wafer by either UV exposure or electric bias; the former is
used in the photoluminescence case. Different intensities and wavelengths are
observed depending on the irradiation and etching parameters.
Figure I-3 shows a photoluminescence image of an irradiated dragon pattern. The
intensity is noticeably higher in the irradiated region; the resolution is of a few
microns.
6Figure I-3: porous silicon luminescence pattern (CIBA 2004)
Creation of high definition patterns of high luminescence porous-silicon has obvious
applications in optoelectronic component design since this material is made of bulk
silicon and can be easily integrated into existing electronic system design methods.
The drawback of this technique is the fragility of the structures created: porous silicon
is mechanically  and chemically unstable; it is oxidized in air and ages rapidly, losing
partially its luminescence properties.
I.1.c) Silicon micromachining with an ion beam
This micromachining technique follows the same principles as the photoluminescence
technique previously exposed, but makes use of the porous silicon fragility. Porous
silicon can be easily removed from a bulk silicon sample using potassium hydroxide
(KOH).
The micromachining involves three different steps: sample irradiation,
electrochemical etching and porous-silicon removal. The first two steps are similar to
those of the photoluminescence technique. As previously discussed, the first step
(sample irradiation) introduces defects in the desired region of the wafer, which
20µm
7influence the electrical hole flow. During the second step (electrochemical etching)
the holes are largely prevented from reaching the surface in the irradiated region, and
porous silicon formation is drastically slowed down locally. The resulting thickness of
porous silicon differs between irradiated and non-irradiated regions. By adding a third
step, the removal of all the porous silicon, a three-dimensional structure is revealed on
the surface of the bulk silicon. At any point of the surface the height of the structure is
inversely proportional to the porous silicon formation rate: where the formation was
most prevented the silicon structure height is highest, where the formation was not
prevented the silicon height is lowest.
I.2 Previous porous silicon work at CIBA
Both photoluminescence and micromachining work has been performed at CIBA. I
shall describe in this subsection some of the results found and structures produced
prior to the commencement of this thesis.
I.2.a)  Photoluminescence studies
i)  Intensity relation to irradiation dose
As mentioned above, the photoluminescence intensity can increase in ion irradiated
region of an etched silicon wafer. This only happens when the wafer has a low
resistivity (0.02Ω.cm). Experiments have been undertaken to observe the dependence
of the intensity increase to fluence.
Figure I-4 shows a photoluminescence image of a checkerboard irradiated with
escalating doses from right to left, and from top to bottom.
8Figure I-4: Irradiated checkerboard in a 0.02Ω.cm wafer (2MeV protons).
Dose ranges from 2.1015ions.cm-2 to 4.1016 ions.cm-2 (CIBA 2004 [8])
In the fluence range covered  in this experiment the photoluminescence intensity is
proportional to the irradiation dose and the intensity is highest when the dose is
highest. The experiment is reproducible and the photoluminescence intensity is thus
tuneable by varying the irradiation dose.
ii)  Wavelength shift
Porous luminescence spectrum varies with the size of the pores. This is a property
supporting the quantum confinement model of high luminescence in porous silicon.
An increase in the size of the pores, decreasing crystallite size thus increasing
quantum confinement in the silicon walls, induces a blue-shift of the emitted
wavelengths. Experiments have shown that, in moderate wafer resistivity (0.1 to
10Ω.cm), wavelengths might also be controlled by ion irradiation of the silicon
sample prior to its etching.
9Figure I-5: Photoluminescence image of squares irradiated with doses
ranging from 5·1011 to 2·1013 ions.cm-2 (CIBA 2004)
Figure I-5 shows early results obtained on a p-type 3Ω.cm wafer. Six squares have
been irradiated with doses varying from 5E11 to 2E13ions.cm-2 and a red-shift is
observable as the dose increases. The non-irradiated background is green and the
irradiated squares change colour from green to yellow to bright red. The achieved red-
shift can be estimated to around 200nm. When the dose is too high the intensity drops
radically.
I.2.b)  Micromachining studies
i)  Dose relation with height
The dependence of micromachined structure height with the irradiation dose has been
demonstrated [9] and a clear relation in the case of 2MeV helium ions has been
established at CIBA [10]. This relation is non-linear and position dependent, meaning
that structure height may depend on the presence and geometry of surrounding
irradiated areas. Although this introduces a difficulty in the making of multilevel
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structures by dose variation good results have been obtained showing the good
possibilities of the method (see Figure I-6).
Figure I-6: Multilevel structure obtained by localized dose variation (CIBA 2004 [11])
The depth attainable by the ions evidently limits the height of the structures. The end-
of-range of 2MeV helium ions is 7.9µm; 2MeV protons reach a depth of 50µm. If the
sample is etched deeper than the end-of-range the phenomenon of undercutting is
observed (see Figure I-7) and silicon is removed from under the irradiated regions.
Figure I-7: Undercutting observed on an irradiated square (CIBA 2004 [12])
This phenomenon has useful applications in the creation of multilevel structures using
several ion energies.
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ii)  Multilevel structures
Multilevel structures have been created by two different means. The first one, briefly
discussed in the previous section, makes use of the relation between dose and
structure height at a defined ion energy to create high definition structures. The
method is limited by the ions' end-of-range at the specified energy. The second one
makes use of the relation between energy and end-of-range, which is well known.
Low-energy ions have a smaller range than high-energy ions; bridge structures have
been created using that feature. Figure I-8 shows an H structure made by irradiating
the two vertical bars of the H with high-energy ions and the horizontal bar of the H
with lower energy ions.
Figure I-8: Bridge structure created using 0.5MeV and 2MeV proton irradiation
(CIBA 2004 [13])
The sample has been etched long enough for the low-energy ion irradiated region to
be fully undercut while the high-energy ion irradiated regions have not been undercut.
The main drawback of this method is the alignment issue. Since two different ion
energies have to be used, the structure is made in two separate irradiations and the
positioning of the beam for the second irradiation is critical. As seen in Figure I-8 the
CIBA facility can obtain satisfying results from this point of view. The achieved
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alignment is almost perfect and more complex structures have thus been created.
Figure I-9 shows a "reproduction" of the Stonehenge monument done in silicon using
2MeV and 0.5MeV protons. The structure is 80µm large in diameter and the
supporting pillars are 25µm high.
Figure I-9: 80µm large Stonehenge monument (CIBA 2004)
This example shows how versatile the technique can be. Applications of this method
of three-dimensional micromachining can be foreseen in the nanoelectromechanical
system design and photonic crystal fabrication.
iii)  Non-accounted-for results
As mentioned in the introduction, one of the most basic problems encountered with
silicon micromachining is the maximum achievable definition, by which we mean the
lateral resolution of the structures, and how closely spaced together they can be
placed. The ion beam can normally be focused down to the order of 100nm, but such
a definition of the silicon structures has never been reached. In similar
micromachining work using the same facility but polymer instead of silicon, the beam
resolution has been reproduced in the structures created [14] There has been no
explanation put forward to account for this phenomenon and, although it has not yet
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been a concern in the research undergone at CIBA, it may be interesting to understand
what causes this lack  of definition.
A second non-accounted-for phenomenon has been observed when irradiating the
outline of shapes with dimension smaller than a few hundred microns. In such
structures and under certain conditions, it has been observed that the central, non-
irradiated, part of the pattern was not etched and thus not removed by the KOH-based
removal process. Figure I-10 presents an example square outline structure that has
been irradiated, electrochemically etched and cleared from porous silicon in KOH.
Figure I-10: Square outline irradiation with non-etched central part (CIBA 2004)
The central part of the square has not been removed; it has been very partially etched.
The experiment has been reproduced with other closed shapes; depending on the type
of ions used, the beam energy and the size of the structure the phenomenon is more or
less observable. When the outline is partially opened the etching process takes place
at a higher rate in the inner part of the structure; the wider the opening in the outline,
the higher the etching rate inside the structure.
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I.3 Aims
The aim of this project is first to study the feasibility of simulating accurately the
silicon micromachining and photoluminescence patterning processes. A second
objective is to make use of the advantages of TCAD simulations over experiment to
give a fundamental understanding of the physical phenomenon underlying these
processes, and possibly optimize the experimental setups to achieve the required
structure definition. The final aspect of the project is to simulate, understand and
overcome the etching peculiarities on the one hand, and test the achievability of new
designs in both the photoluminescence and micromachining research fields on the
other hand.
I.4 Thesis outline
In the instrumentation section the facilities used for this project are presented. The
instruments required for the structures' design and production are first described. The
devices used for the structures' characterization are also briefly introduced.
In the section on Medici TCAD simulations, I first give an overview of the general
features of the TCAD software, which I have used for the simulations. In a second
part I describe how the processes have been modelled and how Medici has been tuned
to suit the specific required simulations.
Results and discussion are divided into two chapters.
The first one is a general simulation study of the micromachining and
photoluminescence patterning processes. I first present a simple representative
15
simulation proving the validity of the simulation model and give an account of the
physics involved in the processes studied. A second part is dedicated to the
investigation of various parameters' influence on the results obtained.
The second results and discussion chapter focuses on simulation, understanding and
prediction of specific experimental results. Grating structures, close shape irradiations
and multiple heights structures are successively discussed.
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Chapter II:  Instrumentation
II.1 CIBA facilities
II.1.a)  Overview
The Singletron accelerator facility at CIBA produces and focuses high-energy light
ion beams down to 35x75nm2. The beams originate from the accelerator and their ion
energy is precisely defined by a 90° analysing magnet. A switching magnet allows us
to choose from three different beam lines and associated target chambers. Focusing is
achieved just before these chambers by a magnetic system of lenses, which creates an
image of object slits situated in the beam line far away from the lenses. The
irradiation is computer controlled; dose normalization, blanking and scanning
(electrostatic and magnetic) are the main tasks of the dedicated software.
Figure II-1: Overview of the CIBA Singletron facility
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II.1.b)  Main components
i)  Accelerator
The accelerator is a high brightness High Voltage Engineering Europa (HVEE)
3.5MV Singletron accelerator (Number 1 in Figure II-1). Inside the tank a Radio
Frequency source creates a RF field that is used to excite a gas and create a large
number of positive ions. The ions are accelerated in a tube composed of a periodic
succession of titanium electrodes and glass insulation rings with a hole in their middle
that allows ions to pass through. The purpose of this succession of different layers
(also called sandwiching) is to obtain a uniform acceleration of the population of ions
and therefore very little spread of ion energy in the resulting beam.
ii)  Beam lines
Along the beam lines are a number of components that allows rough focusing, beam
definition and beam monitoring.
Situated just out of the accelerator the X and Y steerer, the defining slits and the
aperture allow respectively rough focusing and monitoring, beam diameter definition
and optimization, and maximum beam diameter definition (Numbers 2, 3 and 4 in
Figure II-1).
The 90° analysing magnet (Number 5 in Figure II-1) allows the selection of ions. Just
out of the accelerator, the beam is composed of different types of ions (for example
He+ and He2+) with different energies (although the spread of energy is reduced by the
acceleration method). The analysing magnet applies a vertical magnetic field to the
beam direction. Each ion trajectory is consequently curved according to the ion
charge, mass, and energy. Choosing the right magnetic field allows us to select only
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one category of ions with a defined mass, a defined charge and a very well defined
energy (for example 2MeV He+).
Another set of slits and a monitoring system are present between the analysing
magnet and the switching magnet, which allows to direct the beam in any of the three
target chambers.
The last components along the beam line that have not been mentioned here are
presented in paragraphs II.1.b) iii)  and v)  on the focusing and scanning systems.
iii)  Focusing system
The focusing is performed by an Oxford Microbeams high demagnification triplet
(Number 8 in Figure II-1). This device is made up of three quadrupole lenses, each
consisting of four magnetic poles arranged as shown in Figure II-2 perpendicularly to
the beam.
Figure II-2: Scheme of the magnetic field in a quadrupole lens
As Figure II-2 clearly shows, each quadrupole focuses the beam in one direction
while it increases its width (defocuses) in the other direction. Beam focusing thus
requires at least two quadrupole lenses. Three of them are used in the Oxford
Microbeams triplet in order to reduce coupling between the two focusing directions
and achieve an optimum focus.
19
The magnetic lenses have effect on the ion beam similar to that of optical lenses on
light beam. In this setup they focus an image of the object slits on the sample surface.
The object slits are situated along the beam lines; two different sets are used for the
two types of ions. For protons, the distance from the lenses to the object slits is about
one hundred times the distance from the lenses to the sample; this is one of the factors
that make possible the focusing of the beam down to 35nm x 75nm in a low current
mode.
iv)  Irradiation chambers
Two chambers are available for silicon irradiation at CIBA (Number 9 in Figure II-1).
On the 30° beam line, an Oxford Microbeams OM 2000 endstage is installed. This
chamber can be used for both hydrogen and helium irradiations. The focusing is
limited to 1µm2, but the scan size (the maximum area of the sample that can be
irradiated without having to move the sample itself) can be up to 2mm2. This line is
therefore suitable for large area irradiation, which can be required for
photoluminescence study. On the 10° beam line, a target chamber designed at CIBA
is installed. This facility is newer and can focus the beam down to its minimum of
35nm x 75nm. The sample holder movements are computer controlled. The maximum
scan size is only 500µm x 500µm and the chamber can only be used with hydrogen
ions in the current setup.
The reason why both beam lines cannot be used with both types of ions is that these
two types of ions require two different object slits. Proton-dedicated slits are damaged
by the heavier helium ions. The helium-dedicated object slits are located after the
switching magnet on the 30° beam line, thus helium ions can only be used on this
line. The proton-dedicated object slits are located before the switching magnet and
protons can be used in any chamber.
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v)  Scanning system
The scanning system comprises two main parts: an electrostatic and/or magnetic scan
set and a computer equipped with IonScan software (developed at CIBA [15]). The
scan set is used to deflect the ion beam much like an electron beam in a standard
television cathode ray tube. The IonScan software controls the current and voltage
applied to the electrostatic and magnetic scanners to reproduce a pattern pre-
determined by the user. This pattern may be either defined in a text file (for basic
patterns such as squares or circles) or in a bitmap file (for more complex patterns).
The software also controls the irradiation time of each pixel to match the desired dose.
This ensures that the irradiation is uniform over the pattern and as a result that
structure roughness is as low as possible in micromachining, and luminescence is as
homogeneous as possible in photoluminescence applications.
II.2 Analysis facilities
II.2.a)  Optical microscope
A NIKON ECLIPSE ME600L microscope with a 100x magnification objective
coupled with a digital camera is used to gather first information on the irradiations.
This instrument is most suitable for photoluminescence experiments where the
structures are often larger than in the micromachining work but basic information on
the irradiation can be collected. Usually, aberrations in the irradiated pattern are
tracked, exact positions of the irradiated structures are collected and any major
problem that occurred during the irradiation is spotted.
II.2.b)  Photoluminescence imaging and analysing
The optical microscope is also used to take photoluminescence pictures. The sample
is illuminated with a portable UV light instead of white light. The photoluminescence
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pictures are acquired and analysed with Image-Pro Express, a Media Cybernetics
software. Different acquisition times can be set to obtain a satisfactory brightness on
the resulting picture. Image-Pro Express can also extract intensity and RGB spectra
along any user-defined line scan of a given pictures. Wavelength shifts and intensity
variations are deduced from this information.
II.2.c)  Scanning Electron Microscope (SEM)
For smaller micromachined structures a SEM is a more suitable instrument. The
Philips XL 30 FEG scanning electron microscopy facility used can reach a resolution
of 2nm and has a vertical sample holder. With this holder the electron beam can be
used with a very low angle of incidence to the sample surface and images are thus
taken from the side of the micromachined structures. The major use of this is to be
able to measure the features' heights in a very simple manner and with a good
accuracy (~100nm).
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Chapter III:  Synopsys, Inc. Medici TCAD
III.1 Software overview
Medici is a TCAD device simulation program running on the Linux cluster of the
computer centre at NUS. It models two-dimensional distributions of potential and
carrier concentrations in semiconductors devices and predicts electrical characteristics
for any bias conditions applied to these devices [16].
We shall give in subsection III.1 an overview of the software abilities. A more
detailed presentation of the features that have been particularly relevant to our study
will be given in subsection III.2.
III.1.a)  Simulation solutions
Medici TCAD software solves Poisson’s equation (Eq. 1), and both the electron and
the hole current-continuity equations (Eq. 2 & 3) on a simulation grid.
(Eq.  1)
ε: electrostatic potential | p, n: hole & electron concentrations
N+D, N
-
A : ionized impurity concentrations | ρ: surface charge density
(Eq.  2) (Eq.  3)
Jn,p : electron & hole current densities | Un,p : Net electron & hole recombination rates
Medici uses a non-uniform triangular grid and can model arbitrary device geometries.
The solution methods used to solve the coupled non-linear system formed by these
equations are non-linear iteration methods: Newton’s method and Gummel’s method.
Newton’s method with Gaussian elimination of the Jacobian is considered more stable
and is the default method in Medici. It has given satisfactory results and has been
used exclusively in our work.
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III.1.b)  Simulation grid
The Medici’s simulation grid is non-uniform and enables the user to refine the mesh
in any region of the studied device. Defining a suitable grid for the simulation case is
the key to having Medici solve a given problem more accurately. It also lowers the
simulation time and allows us to solve more complex problems. Typically users
should try to have a more refined a mesh in the regions where physical quantities vary
greatly with small displacement in the device. Medici can automatically refine the
grid according to the variation of physical quantities such as voltage or impurity
concentration.
III.1.c)  Device features and physical models
Medici offers a large number of semiconductor materials to choose from, but any
material can be simulated through the definition of all relevant physical parameters
associated with it. Regions can be defined as polygons in the simulation grid,
electrodes can be placed anywhere in the device structure.
Medici also offers a great number of physical models to choose to simulate, for
example, accurate recombination, photogeneration, impact ionization, bandgap
narrowing, band-to-band tunnelling phenomenon, or accurate mobility and lifetime
for carriers in the device.
III.1.d)  Outputs
Medici offers both graphical and text outputs. The latter can consist of either an
exhaustive solution file including all the physical quantity values calculated on every
point of the mesh or a file including only the data for a user-requested plot. Solution
files can be used as a starting point for further simulations, but in my own experience
their creation dramatically increases the simulation time and their large size is often
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critical as it can exceed the allocated memory space on the server, causing the
simulation to stop. Plot files are more suitable for further investigation with data
analysis software, they are easier to handle and have much smaller size.
III.2 Medici for ion beam irradiation simulation
III.2.a)  Ion-damaged regions
Previous work on simulation of induced damage in silicon by Hearne [1] has been
taken as the starting point of our Medici work. Hearne showed that good results in
simulating defects introduced by an ion beam could be obtained by introducing
different trap states in defined regions of the simulated silicon wafer. The software he
used, TCAD DESSIS, is similar in functionality to Medici.
i)  Medici’s traps’ model
Medici can introduce trap states in a semiconductor region in the following way:
•A trap state is defined by its energy (Ei in eV), the electron and hole lifetimes for the
state (τn & τp in s) and the density of traps (N.TOT in cm-3):
TRAP  E1=(0.38) MIDGAP TAUN=10E-7 TAUP=10E-6 N.TOT=10E18  q
•Setting a negative (respectively positive) concentration N.TOT defines a trap as a
hole (respectively electron) trap:
TRAP  E1=(-0.54) MIDGAP TAUN=10E-7 TAUP=10E-6 N.TOT=-10E18 q
•The “CONDITION” (or "COND") parameter is used to define the region in which
the trap states are to be added.
The following statement therefore defines a concentration of 1018 hole traps per cm3
at E=0.38eV (above the mid-gap), with electron and hole lifetimes of 10-7s and 10-6s
respectively, in region called “DAMAGED” (defined previously in the file):
TRAP  E1=(0.38) MIDGAP TAUN=10E-7 TAUP=10E-6 N.TOT=-10E18 COND=”DAMAGED”
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ii)  Practical values used for the traps’ model
Hearne reports how the most commonly encountered defects created by MeV alphas
and protons [17,18,19] can be reduced to five major defect types for simulation







Cn (cm3/s) Cp(Cm3/s) Type RelativeConcentrations
E1 0.38 (1.4*10-8)T0.5 (8*10-8)T0.7 Electron 3
E2 0.33 (1.6*10-12)T1.4 (7*10-7)T1.0 Electron 1
E3 0.13 (5.4*10-9)T0.4 (2*10-6)T0.3 Electron 1
E4 -0.20 (5.1*10-23)T5.2 (1*10-6)T0.61 Hole 1.5
E5 -0.35 >>Cp(E5) (2.1*10-9)T0.2 Hole 1
Table III-1: Trapping levels incorporated in simulated damaged regions [1]
As seen in III.2, Medici uses trap lifetimes instead of capture coefficients to
characterize each defect type. Thus, τn and τp values for each trap are to be calculated
from the previous table values and the density of traps using the relation:
τn,p=1/(N*Cn,p), N being the density of traps.
iii)  Defect profiles
The density of traps to be incorporated in the simulated silicon wafer are determined
in the following way.
Since 2MeV protons and 2MeV alphas are use in the experiments, SRIM simulations
were made to obtain the vacancy profile created in silicon by these ions (Figure III-1 a
and b). The vacancy profiles have been approximated in Medici as shown in Figure
III-1 c and d.
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a) 2MeV He+ c) 2MeV He+
b) 2MeV H+ d) 2MeV H+
Figure III-1: SRIM vacancy profiles for a) 2MeV helium ions b) 2MeV protons and
their corresponding relative trap densities simulated in MEDICI (c & d)
Three regions have then been defined, in both the helium and the proton cases:
•Region 1: low defect density region. Located near the surface and down to a depth of
6.5µm for 2MeV helium ions and 45µm for 2MeV protons, below the irradiated
surface.
•Region 2: high defect density region. Located at the end-of-range of the ions, below
the irradiated surface. It is 1µm and 5µm thick for alphas and protons respectively.
The trap density is 100 times that of region 1 for helium irradiation and 10 times that
of region 1 for hydrogen irradiation.
•Region 3: no defect region. Located below the non-irradiated surface or deeper than






The widths of region 1 and 2 vary with each simulation, but a linear spread is
introduced in the proton case so that region 2 is 2.5µm larger than the irradiated
surface. For alpha particles the spread (~0.2µm) has been found to have negligible
effects on the simulations and has not been implemented.
III.2.b)  General description of the simulations
Figure III-2 shows a detail of a typical structure of the simulation grid for a simple
line simulation. The spatial specifications are done in a vertical cross section of the
wafer. The ion irradiation is arbitrarily chosen to penetrate the wafer through the top
of the simulated structure. Two electrodes are attached to the top and bottom surface
of the wafer and a voltage bias is applied between them.
Figure III-2: Detail of the simulation grid in the vicinity of a line irradiation
Since no time evolution is considered this actually simulates the first instant of the
electro-chemical etching, before any porous silicon formation.
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III.2.c)  Medici parameters influencing current flow modelling
Among the parameters that have been identified to play a key role in the accurate
simulation of the silicon irradiation are the mobility model, the attached resistance
and the wafer total dimension. All three have a direct impact on the behaviour of the
holes in the simulated structure. In the experiments, the current is defined and
monitored directly during the etching process. In the simulations, since Medici uses
the biases applied to the device as input variables, the current is deduced from all the
other parameters, and both the attached resistance and the wafer dimensions make it
vary dramatically.
Increasing the wafer thickness lengthens the path of the holes from the bottom
electrode to the top electrode and thus increases the resistance of the wafer.
Decreasing the width of the wafer while leaving the bias unchanged heightens the
hole current density in the wafer. When dealing with these two parameters, we had to
pay particular attention not to induce too high current densities in the wafer and keep
the simulations accurate.
The method used to keep the current densities at a realistic level is to attach a virtual
resistance to the device. This is actually quite similar to the experimental setup,
except that in the simulation case the value of the resistance has to be adjusted to the
dimensions of the simulated region, which can vary with the size of the area of
interest. For example, in order to have a better definition over the irradiated part of the
device, one can choose to simulate only a small part of the device around the
irradiated regions and compensate the ensuing loss in resistance by increasing the
value of the attached resistance.
A fourth and last factor directly influencing the flow of holes in the wafer is the
choice of mobility model. Medici offers seventeen different models to choose from
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and distinguishes between three environments (low field, transverse field, and parallel
field). Different models can be assigned to these three environments. The variation of
the models dependence on the impurity concentration is small, but the resistivity of
the wafer (deduced from the mobility) has been identified as a key factor whose small
changes influence dramatically the results. In agreement with Hearne's work [1] a
carrier-carrier scattering dependent mobility model has been implemented for low
field environments.
III.2.d)  Mesh specification
Specifying a suitable mesh for the simulation grid has been a major concern of my
work. Having a dense enough mesh in the regions where the physical quantities vary
greatly with small displacements is one of the keys to obtaining fast (in number of
iterations) and accurate convergence of the solution. On the other hand having as few
grid points as possible enables quick calculation but jeopardizes the accuracy and
often the convergence of the solution. Medici has a regrid function, which
automatically takes into account the variations of a specified physical quantity to fit
the mesh accordingly. Unfortunately the function cannot work with trap densities as
input variables and we have not managed to find another physical quantity giving
satisfactory results. All the mesh specifications have been done manually and have
not always been optimized due to the limitation of the manual command.
III.2.e)  Convergence problems
Convergence problems originating from different sources have been encountered. Not
all origins have been identified; two major ones will be discussed here.
Most frequently, the refinement of the simulation grid was involved. Obviously, a
sparse mesh can lead to a solving failure because of a poor definition of the simulated
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structure. A too-dense mesh can also lead to problems. Having too many grid points
does not lead to mathematical difficulties but lengthens the computation time and
increases the processed data size. Connection drops between the user terminal and the
computational server and overloads of the user allocated memory space on the server
happened a number of times. Although these two types of failure are not the most
appalling ones from a theoretical point-of-view they are the most time-consuming
because failure is not immediate and each attempt has to be conducted until actual
crash.
Another important source of convergence problems has been detected in the initial
step of the solving procedure. The solving process frequently failed at this first stage
although it should have been the simplest one because no bias was applied to the
electrodes. I eventually understood that the carrier-continuity equation resolution was
the issue in this case. Under no bias this equation is equivalent to a matrix equation of
the form: M*0=0, which of course cannot be solved. I managed to overcome this
problem just by choosing not to solve the carrier-continuity equation for the initial
zero-biased resolution but introduce it only for further non-zero biased intermediary
resolutions.
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Chapter IV:  General simulation work
IV.1 Fundamental simulation work
In this section I present the fundamental work done to characterize, by simulation, the
electrochemical etching process and its dependence on basic parameters we can
control in simulation and/or experiment. The first section focuses on the physical
quantities we have monitored to study these dependences. The second section gives a
detailed overview of the simple feature that has been simulated for this purpose. The
last section focuses on the origin of the observed phenomena.
IV.1.a)  Simulated physical quantities
As seen in subsection III.2 we have chosen to simulate the wafer at the very
beginning of the electrochemical etching. Two physical quantities have been
particularly studied. The first one is the hole current along the top surface of the
simulated structure. In the simulation, this surface represents the interface between the
silicon wafer and the diluted HF etching solution. We discussed earlier the relation
between the presence of holes at this interface and the etching rate. We have used the
hole current on the top surface to deduce qualitative information on the etching
process and study how this process is influenced by the different parameters we can
experimentally control. The second physical quantity we have focused on is the
electric field in the wafer. It can be represented either by field lines or by field
vectors. The electric field lines in the simulated cross section are theoretically the
ones that give the best insight of the behaviour of the holes. Field line profiles give an
understanding of how the top surface hole current profile is shaped. Unfortunately,
plotting the electric field lines has proven to be a tedious task in our case. To obtain a
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satisfying picture a very refined simulation mesh is needed when the direction and
amplitude of the field vary quickly with spatial displacement. If the refinement is too
low, the electric field lines "lose" themselves in the mesh: from a particular point of a
field line Medici cannot find a next suitable point on the mesh and stops plotting the
line to prevent too large an error. As shown below a compromise between mesh
refinement and other requirements is not easy to find and the resulting electric field
plots are not always fully satisfactory. On the contrary, field vector profiles are very
easy to obtain. They give a rougher representation of the field in the wafer, but
contain the same basic information as field line profiles.
IV.1.b)  Simulation presentation
The structure of this first basic simulation is schematically reproduced in Figure IV-1,
it is a single line irradiated in the centre of the wafer, along the Z-axis. In all further
discussions and simulations, the X, Y and Z axis will always refer to the directions
shown in this figure: the simulated plan is defined by the X and Y axis, Y being along
the wafer thickness.
 Silicon  Electrode
  Low defect density region  High defect density region
Figure IV-1: Scheme of the single line irradiation
    Z
Y   X
  Y
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An initial simulation was made using the parameters presented in the following box.
Ion: helium | Ion dose: 1014ions.cm-2 | Bias voltage: 2V | Resistivity: 2.5 Ω.cm
Damaged region width: 200nm | Damaged region depth: 6.5µm (2MeV He+ ions)
Wafer width: 1mm | Wafer thickness: 400µm
The width of the wafer along the Y-axis is 1mm; it is very large in regard of the
irradiated region width, so that the proximity of the wafer limits should not influence
our results. The thickness is comparable to that of experimental wafers.
As stated above we first extracted from the simulation the hole current along the top
surface of the wafer (Figure IV-2). We then tried to plot the electrical field lines
around the irradiated regions (Figure IV-3) but Medici could not plot some field lines.
The electric field vector profile (Figure IV-4) shows how the electric field is
orientated near the irradiated region and helps picture how the field lines should have
been plotted.
Figure IV-2: Hole current along the top surface - linear irradiation case
-1.5         -1        -0.5         0          0.5        1         1.5
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Figure IV-3: Electric field line profile - linear irradiation case
Figure IV-4: Electric field vector profile - linear irradiation case
Three different characteristics of these plots can be pointed out for future comparison.
-The hole current is constant at a background level between 20 and 60mA as targeted;
it drops in the vicinity of the irradiated region and reaches zero at the line location.
This is consistent with the fact that experimentally porous silicon does not form in
this region: a relatively high hole current favours porous silicon formation, while a
relatively low hole current reduces its formation.
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-The hole current profile is rounded. The width of the transition region between high
and low hole current is approximately 0.5µm wide. These two features can most
probably be related to the resolution of the irradiated pattern.
-The electric field profiles show field lines being deflected away from the irradiated
region. This may explain the rounded shape of the hole current. The holes are not
blocked by the high defect density region at the end-of-range of the ions but repelled
by the damaged regions. It means that reducing the size of machined structures down
to sub-micrometer dimensions may be not only a matter of focusing the ion beam but
also a matter of choosing the right conditions to reduce the hole drift phenomenon.
IV.1.c)  Origin of the deflection phenomenon
The understanding of the deflection of holes by the irradiated regions is one of the
most important topics in this project. The electric field profile and specifically the
representation of field vectors perpendicular to the damaged region sidewalls support
the use of a parallel with basic electrostatic distributions. One can picture the infinite
line of the initial simulation as an approximation of an infinite, uniformly charged
plane (if one considers the 200nm thickness negligible compared to the 7µm depth).
The field vectors are expected to be proportional to the density of charge in the plane
(σ  in Figure IV-5). In our case the non-zero net charge of the damaged regions
originates from the definition of the traps that model the ion irradiation (see Table
III-1). The hole capture coefficients are greater than the electron capture coefficients
for four out of five traps present. This gives a net positive charge to the damaged
regions, which is proportional to the density of traps present. In our view it is the
origin of the observed deflection of the holes.
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Figure IV-5: Scheme of the damaged region in the electrostatic approach
To test our hypothesis we have plotted the electric field vector profile for increasing
ion doses (thus increasing densities of traps). The plots are shown on Figure IV-6.
Figure IV-6: Electric field vector profile for doses of
a) 1011ions.cm-2, b) 1012ions.cm-2, c) 1013ions.cm-2, d) 1014ions.cm-2
The vectors are plotted logarithmically. Their length increase with dose appears to be
linear and this supports our assumption. We will see in further sections how it relates
to the simulated and experimental results.
a)                                                                 b)
c)                                                                 d)
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IV.2 General study
IV.2.a)  Dependence on primary parameters
What we have named here "primary" parameters are the parameters we consider to be
intrinsic to the ion-irradiation and electrochemical etching processes. Such parameters
include ion type, ion energy, ion dose, etc. "Secondary" parameters, which will be
studied later, are parameters that are related to a specific irradiation, not to the
physical process. They are mainly shape characteristics of the irradiated patterns.
i)  Ion type
The initial simulation used helium ions, which have a very low lateral spread at the
end-of-range but a depth of penetration that is relatively small. We shall now consider
protons, which have a depth of penetration at 2MeV of 50µm but a quite significant
straggling of 2.5µm. All other parameters from the initial simulation are left
unchanged. The simulated hole current is plotted in Figure IV-7  along with the initial
hole current obtained with alpha particles for reference.
Figure IV-7: Hole current profiles for proton & alpha irradiation comparison



















The width of the hole current "well" is sensibly larger for protons than for alphas.
This feature could be expected for two different reasons. First the high defect density
region at the end-of-range is a lot wider when the protons are used. In this case
although the irradiated surface is 0.2µm wide the damaged region width at the end-of-
range is 2.7µm and one can expect it will prevent more holes from flowing to the
surface over a considerable lateral width. Second, the irradiated region is deeper and
affects the hole flow over a greater thickness. We have seen in the initial simulation
that holes are deflected away from the damaged regions. We can reasonably assume
that the drift along the X-axis is greater for longer range ions. Thus one can expect
that proton irradiation, which damages the wafer to a depth of more than five times
that of helium irradiation, deflects the holes further away and gives a resultant hole
current profile with a wider "well".
ii)  Dose
We have mentioned in section I.2 that dose variation can be used in particular cases to
create multilevel structures. We study here how changing the irradiation dose affects
the initial simulation results.
Figure IV-8: Hole current profiles for dose-dependence study (2.5Ω.cm wafer)



















Figure IV-8 presents the hole current profile obtained for doses ranging from
1010ions.cm-2 to 1014ions.cm-2. In this range two phenomena can be seen: first the
minimum value of the hole current decreases with increasing dose, second the width
of the hole current "well" increases with increasing dose. Both these phenomena show
that a higher dose has a larger effect on the flow of holes. The more defects induced
in the wafer, the more holes are prevented from reaching the surface and deflected
away from the irradiated region. This is consistent with the field vector plots we made
in paragraph IV.1.c)  showing vectors proportional to the irradiation dose and
supports the electrostatic origin of hole deflection.
However, the range of doses in which the hole current is highly dependent on the dose
seems quite small. For doses lower than 1010ions.cm-2 the hole current is constant just
as it would be if no irradiation had been made. For doses higher than 1014ions.cm-2 the
hole current profile changes little.
We have compared these results with the work of Yamaguchi et al. [20] on high-
energy and high-fluence proton irradiation effects in silicon solar cells. Yamaguchi et
al. studied the dependence of current densities to irradiation dose in p-type Si layers.
From their experimental results on current densities we calculated relations between
resistivity and ion dose. Figure IV-9 shows in solid lines two curves deduced from
their work showing the resistivity of two different p-type silicon wafers as a function
of helium irradiation dose. From our simulation results on dose dependencies similar
curves can be deduced. We have extracted the mean resistivity of the wafer in the
irradiated region (in the 0.2µm wide line) from the data of Figure IV-8. The curve we
obtained is plotted in dashed line on Figure IV-9.
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Figure IV-9: Semi-empirical and simulated resistivities as a function of dose
The agreement between the simulated and semi-empirical results is satisfying.
Although the asymptote is a little steeper in the simulated case the exponential shape
is similar and this result advocates for the validity of our simulations.
iii)  Resistivity
Wafer resistivity can be studied by changing the doping density of the simulated
silicon. The relation between resistivity and doping densities is given by Eq. 4.
(Eq. 4)
ρ: wafer resistivity | µp, µn: hole & electron mobilities | N: doping density
p, n: hole & electron concentrations
Since we have used in Medici complex mobility models dependent on doping density
(Hewlet-Packard and Carrier-Carrier Scattering mobility models [16]), an exact
calculation of the resistivity associated with a given doping density is not easy. This is
the reason why a preliminary set of simulations was made to determine precisely the
resistivity associated with each doping density. No traps were introduced in the
silicon during this reference batch. The second set reproduced the initial simulation
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presented in paragraph IV.1.b)  with different wafer resistivities; results are shown on
Figure IV-10.
Figure IV-10: Hole current profiles for resistivity-dependency studies  (1014 ions.cm-2)
With a constant dose, reduction of the hole current well width and depth can be
achieved by decreasing the sample resistivity. The hole current profile shows a quite
high dependence on resistivity. We shall see in the last chapter how it prevents the use
of our simulation work for precise quantitative prediction although the accuracy of the
simulations and their agreement with experimental work are very good.
iv)  Energy
Varying the ion beam energy affects mostly the depth of the ion-damaged region. At
higher energies, ions travel further into the wafer before coming to a stop and defects
are created to a greater depth. For protons, SRIM simulations show that the end-of-
range varies from 15µm at 1MeV to 50µm at 2MeV and 120µm at 3.5MeV, the
maximum energy of CIBA facilities. We have seen that holes are deflected by the
damaged region and mentioned that a deep irradiated region should deflect holes
further away than a shallow irradiation. To verify this hypothesis we have simulated



















irradiated regions of different depths. In this particular case we have chosen to
simulate a wider line (5µm), a higher resistivity (~6Ω.cm) and a lower dose (1012
ions.cm-2) than in the initial case. The reason for that is that the effects of depth
variation were more dramatic under such conditions, and thus, gave a clearer picture
of the phenomena.
Figure IV-11 supports our assumption by showing that the maximum value of the
hole current is reached further away from the irradiated region as depth increases. At
a 5µm depth two hole current humps are situated on each side of the well, the
maximum value is reached 12µm away from the centre of the irradiated region. For a
10µm depth the maximum value is reached almost 20µm away. At higher depths the
hole current humps are no longer observable, the maximum value is reached too far
away from the irradiated region.
Figure IV-11: Hole current profiles for increasing depths of irradiated region
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v)  Physical role of low and high defect density regions
In this last paragraph we shall focus on the different roles played by the two damaged
regions we defined. Although these cannot be treated as variables we consider them
as "primary" parameters because they are defined from intrinsic properties of ion
irradiation. We made use of the advantages of simulation over experiment to create
virtual situations where only one of the two damaged regions was created in the
wafer. We compared the results obtained with only the low defect density region
created close to the surface, only the high defect density region created at the end-of-
range, and with both regions created. It was previously assumed that the high defect
density region, at the end-of-range of the ions, played the most important role in
preventing the holes from reaching the surface and participating in the porous silicon
formation, since this high defect density region blocked the holes. However as we
have seen in paragraph IV.1 the damaged region in fact bends the electrical field lines
away from the irradiated area.
In Figure IV-12 we have plotted the electrical field profiles simulated with a) only the





Figure IV-12: Electrical field profile created by a) the high defect density region only
b) the low defect density region only c) both regions together
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Plots (b) and (c) look alike, and in plot (a) we observe that although the electrical field
lines are first bent away from the damage region they tend to get back to their initial
tracks. From the surface point of view there is no difference with a "no-defect" case
where the electrical field lines would be straight from the bottom electrode to the top
electrode. This is made clear by plotting the hole current profile at the top surface in
the three cases (Figure IV-13).
Figure IV-13: Hole current profile created by: the high defect density region alone,
the low defect density region alone, and both regions together
When the high defect density region only is simulated, the hole current is almost
constant as it would be in a no-defect case. In the two other cases the hole current
profiles match almost perfectly, the adjunction of the high defect density region does
not have dramatic effects on the results.
These simulations show that the low defect density region plays a more important role
in preventing the holes from reaching the surface than the high defect density region.
This is the opposite of what was previously believed but it agrees with the




















The low defect density region drives the holes away from the damaged regions, or to
be more precise it prevents the holes from returning to their initial path. With no low
defect density region, simulations have shown (Figure IV-14) that, with a high defect
density region buried at a depth of 6.5µm, it would take a region more than 50µm
wide for the hole current to reach a zero value within the irradiated area (for the
same1014ions.cm-2 dose).
Figure IV-14: Hole current profile created by the high defect density region only for
10µm, 30µm and 50µm wide lines
These results are of particular interest because they cannot be obtained
experimentally. They are simulations of purely virtual cases and increase our
understanding of the phenomena involved in the whole process of ion beam
irradiation and electrochemical etching.



















IV.2.b)  Dependence on secondary parameters
i)  Irradiated width
The hole current profile is also dependent on the width of the irradiated region. These
are illustrated on Figure IV-15 in the case of 4·1013ions.cm-2 line irradiations on a
4Ω.cm wafer.
Figure IV-15: Hole current profiles for line widths varying from 0.2µm to 8µm
The minimum value of the hole current decreases when the line width increases. The
drop of the hole current in the region surrounding the irradiation is larger when the
irradiated width increases. For higher doses, humps of increased current in the region
surrounding the irradiation are observed instead of dips, but the trend is the same: the
amplitude of the humps increases with the irradiated line width.
A larger irradiated width has a greater deflecting effect and lowers the minimum
value of the hole current in the irradiated region more efficiently. Outside the
irradiated region two different features can be identified to explain the behaviour of



















the hole current profile. First the number of holes deflected by a larger irradiated line
is larger, second the holes are deflected further away by larger damaged regions. The
exact importance of these two phenomena is not well known. At low doses the
increase in the deflecting power seems to overcome the increase in number of holes
deflected and creates drops of hole current. At high doses when humps are observable
and grow with the region width, the increase in the number of holes deflected seems
to overcome the increase in deflecting power and creates larger humps near the
irradiated regions.
Once again the observations could not be explained if the ion-damaged regions had
only a blocking effect on the holes. There would be no clear reason to distinguish
between a large irradiated region and a small one at these scales. The electrostatic
long-range deflecting effect makes these results easier to comprehend.
ii)  Proximity effects
Since an irradiation influences porous silicon formation not only in the irradiated
regions but also in the surrounding area we have chosen to simulate two parallel
irradiated lines. Figure IV-16 shows the hole current profile obtained with 5µm wide
lines 10µm away from each other. The simulated dose is 1014ions.cm-2; the resistivity
is 4Ω.cm. The interesting feature about this plot is the high value of the hole current
between the two lines. Holes are deflected away from each line, but a number of them
are trapped between them and the hole current increases in this case by 30%.
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Figure IV-16: Hole current profile for two 5µm-wide irradiated lines 10µm apart
We have repeated this simulation with various spacing between the two lines. All the
other parameters were kept constant. Figure IV-17 is a graph of the maximum hole
current value between the lines as a function of spacing.
Figure IV-17: Maximum hole current between two 5µm-wide irradiated lines as a











































As the spacing decreases, the maximum current increases almost linearly until a
threshold value of spacing where the absolute maximum is reached. For smaller
spacings the maximum current starts to drop. In this case at a 2µm spacing a 60%
increase of the hole current value is achievable. Other simulations have shown that
the larger the irradiated lines are, the higher the maximum attainable current, and that
the threshold spacing is also slightly dependent on line width. These features may be
explained in the following way. As field lines are constricted between the two
irradiated regions, and as these regions are set closer to each other, the hole current
density increases. When the irradiated line spacing is small enough, part of the field
lines are deflected by both irradiations outside of the trap. Figure IV-18 schematically
reproduces how we believe the electric field lines in the wafer behave. The behaviour
of the field lines marked with dots on this figure should be pointed out: in our view,
the shift from the inside to the outside of the irradiated structures of these lines
triggers the decrease of the maximum hole current between the lines.
 Silicon    Ion-damaged region    Electrode
Figure IV-18: Schematic of electric field lines behaviour for decreasing line spacing
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Chapter V:  Experiment-related simulation work
We have seen in the previous section purely from a simulation point of view how ion
beam writing in porous silicon may be influenced by intrinsic parameters such as dose
and wafer resistivity or by extrinsic parameters such as geometry of the irradiation
pattern or surrounding irradiated areas. In this section we consider experimental work
and how to relate it to our simulations. We first study a micromachined grating
structure, then a micromachined close circle structure. The third part of this section
will focus on multiple doses irradiation from a micromachining and a
photoluminescence point of view.
It is emphasized that although our simulations have shown good quantitative
agreement with experimental results we mainly use them for qualitative observations
and predictions. This is motivated by the fact that resistivity and dose, the two factors
that most influence the whole process according to the simulations, are perhaps the
two factors controlled with the highest uncertainty in experiments. Dose uncertainty
originates from the beam fluctuation. Long period fluctuations affect uncertainty less
because careful monitoring of the beam current enables a post-experiment correction
if the current value can be considered constant during a whole irradiation. However,
when the beam is highly unstable and fluctuates during the irradiation of a single
structure, simulations and experiments can differ greatly. Resistivity uncertainty
originates from the fact that we measure very accurately the average resistivity of a
wafer using a Wheatstone bridge but the resistivity can locally greatly fluctuate. We
shall see how radically a change by a factor of 2 of the resistivity can affect our
simulation results.
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V.1 Micromachined grating structures
The grating experiment is chronologically the first one studied. It was one of the
experiments that provided the motivation for this simulation work because the
structures after porous silicon removal showed a much poorer lateral resolution than
expected.
V.1.a)  Presentation of the experiment
The 4Ω.cm silicon wafer was irradiated with a 2MeV helium ion beam, which was
focused to a spot size of 200nm. Several lines separated by 2.5µm were written and
the structure in Figure V-1 was obtained after development. The thickness of the wall
is 800nm, 4 times the expected thickness and the sharpness of the edges of the walls is
very low. Both these features were not originally expected.
Figure V-1: 2.5µm period grating micromachined in a 4Ω.cm wafer
V.1.b)  Initial simulation
The simulated structure, given by the hole current profile, is quite similar to the line
simulation we presented in paragraph IV.1.b) . For simulation purposes the grating is
assumed to be infinite in both Y and Z direction. Only one period of the grating is
modelled and Medici repeats it infinitely as shown in Figure V-2 below.
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 Silicon    Low defect density region    High defect density region    Electrode
Figure V-2: Simulated grating structure overview
The parameters inputted in Medici for this simulation were as follows:
Ion dose: 16000 nC.cm-2 (1014ions.cm-2) | Bias voltage: 2V | Resistivity: 4 Ω.cm
Periodicity of the grating: 2.5µm | Damaged region width: 200nm
Damaged region depth: 6.5µm (corresponding to 2MeV helium ions)
The simulation conditions reproduce exactly the conditions of the experiment. The
hole current profile is plotted on one period of the grating (Figure V-3).
Figure V-3: Hole current at the top surface of the silicon wafer
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The hole current vanishes when it gets close to the ion-damaged zone. The shape of
the well is rounded, the sharpness of the etched structure one would expect from this
hole current is low; the full width at half maximum of the well is approximately
800nm, which is very similar to the experimental value. The simulation has a very
good quantitative agreement with the experiments. The fact that the beam resolution
is not reproduced in the micromachined structure can be explained by the fact that the
damaged regions have a long range deflecting effect on the holes.
Below, we present three parameters that have been identified as having an important
effect on the hole current shape and we further investigate how setting them correctly
might improve the micromachined grating structures.
V.1.c)  Period dependency
We have simulated various grating periods to see whether the distance to the
neighbouring walls influences the width of the micromachined walls. Following our
preliminary results on line spacing we expected to observe an increase followed by a
decrease of the background hole current level as the period was decreased. All
parameters except periodicity were kept at their initial values:
Ion dose: 16000 nC.cm-2 (1014ions.cm-2) | Bias voltage: 2V | Resistivity: 4 Ω.cm
Periodicity of the grating: 0.8->2.5µm | Damaged region width: 200nm
Damaged region depth: 6.5µm (corresponding to 2MeV helium ions)
Figure V-4 shows the results obtained. The first part of the expected trend (the
increase of the background hole current) is observable, but for periodicities smaller
than 0.8µm Medici failed to converge.
55
Figure V-4: Hole current profile for grating periods ranging from 0.5 to 2.5µm
An explanation for the failure of Medici to converge might be that the grating is
infinite in two directions. For lower periodicities, the expected decrease in the hole
current originated from our assumption that it would have the same behaviour as in
the case of two parallel lines. However, in that case field lines had been deflected
outside of the irradiated region. For an infinite grating there is no un-irradiated region
to where the field lines can be deflected. The holes are thus prevented from reaching
the surface and Medici fails to converge because the bias requirement cannot be
fulfilled. In the experimental case and for lower periodicities, since the grating cannot
have infinite dimensions, it is likely that the structures would be similar to those
obtained for uniform irradiation of the same area.
From the results Medici managed to compute it is not clear that varying the
periodicity may greatly improve the structure resolution. The full width at half
maximum of the hole current well can be decreased by 0.2µm at most and no
remarkable change to the shape of the well can be made.
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V.1.d)  Dose dependency
Ion dose has been identified in our initial simulation as a key parameter. In this
paragraph we study its influence on the grating simulation. All other parameters were
kept to their initial value, matching the experiment characteristics.
Ion dose: 1.6nC->160mC.cm-2 (1010->1018ions.cm-2)
 Bias voltage: 2V | Resistivity: 4 Ω.cm | Periodicity of the grating: 2.5µm
Damaged region width: 200nm | Damaged region depth: 6.5µm
The resulting hole current profiles are plotted in Figure V-5.
Figure V-5: Hole current profiles for doses ranging from 5·1012 to 1016 ions.cm-2
As for the single line irradiation previously discussed, the hole current well first
deepens then widens as the dose increases. The transition region is between
1012ions.cm-2 and 1014ions.cm-2. These results show clearly that we should be able to
decrease the grating walls' width by a factor of 2 or more by choosing the correct dose
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(in this case around 2.5·1013ions.cm-2). However, we cannot expect to increase the
sharpness of the walls’ edges by varying the dose since every hole current profile has
the same rounded shape.
V.1.e)  Resistivity dependency
We have simulated the irradiation of wafers with different resistivities. We expected
to observe an increase in the sharpness of the hole current well as the resistivity
decreased, just as in the single irradiated line simulation. The parameters used for this
simulation are summarized in the following box.
Ion dose: 16000nC (1014ions.cm-2) | Bias voltage: 2V | Resistivity: 0.76->40Ω.cm
Periodicity of the grating: 2.5µm | Damaged region width: 200nm
Damaged region depth: 6.5µm
The hole current profiles obtained (Figure V-6) show dramatic dependence on the
resistivity of the wafer.
Figure V-6: Hole current profiles for resistivities ranging from 0.076 to 40 Ω.cm
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Reducing the resistivity results in a dramatic increase of hole current profile slope at
the edge of the irradiated regions. The grating walls should thus be thinner and
sharper.
V.2 Close circles
V.2.a)  Presentation of the experiment
The silicon micromachining process has shown another type of unpredicted behaviour
during very simple experiments. The structures irradiated were circular contours with
characteristic dimensions of a few tens of microns. With protons, although the inner
parts of the shapes were not irradiated they could not be removed by electrochemical
etching. Figure V-7 is SEM picture of such a circular structure of radius 200µm. It
appears clearly that the inner part of the circle has not been etched.
Figure V-7: SEM picture of a close circle irradiation with un-etched inner part
If a portion of the contour is not irradiated, the inner part is more and more etched, as
the portion is made bigger and bigger. Figure V-8 shows clearly this phenomenon
with square structures of micrometer dimensions.
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Figure V-8: Illustration of partial etching of close shapes in the case of a square
This observation was unexpected but in light of our previous simulation results and
the electrostatic origin of the hole flow disturbance the importance of irradiation
shape is perhaps easier to understand. Basic calculations show for example that the
electric field created in the inner part of a cylindrical distribution of charge is a lot
higher than the one created by two parallel charged planes.
We have studied the circular contour experiment to show whether this experimental
behaviour could be predicted by simulations and whether a physical origin of the
phenomenon could be deduced from the results.
V.2.b)  Simulation
The three regions in the silicon are defined in the same way as for previous
experiment. The only major difference of this experiment is that Medici considers a
structure with cylindrical symmetry as shown on Figure V-9.
Figure V-9: Schematic of the simulated close circle irradiation
The hole current flows to the top surface along one radius of the cylindrical structure.
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V.2.c)  Results and discussion
Under any condition, the hole current profile obtained is similar to the one presented
in Figure V-10. No matter what dose, resistivity, or inner and outer radii used, no drop
of hole current in the central part of the irradiation has been observed.
Figure V-10: Hole current profile on one radius of the irradiated structure
This raises the question of the validity of the model we used because it cannot explain
the experimental observations. Two possible sources of error have been identified.
The first one is the time independence of the simulation. Observing the state of the
silicon at the start of the etching process may be too simplistic to elucidate this
phenomenon. In that case not much can be done with Medici and one might want to
try to simulate this experiment with some other TCAD software more suitable for
time evolution of materials. The second one is the nature of the contact between the
silicon wafer and the electrodes. Experimentally the back Al-Si contact is made ohmic
through proper annealing [21], while the contact with the etching solution is generally
considered to be a Schottky-like contact [22,23]. In the simulations we have chosen to





















introduce a constant bias drop on the whole surface of the contact to simulate the
Schottky contact. We believed that this was a too simplistic approach and that it
would differ too much from reality. In the vicinity of the damaged region, since no
current flows, a Schottky contact cannot be modelled in this way. The satisfactory
results we obtained for all simulations other than this particular one strengthened our
conviction that implementing two ohmic contacts was an acceptable manner of
simulating the experimental processes.
However, faced with this problem, we investigated Schottky contacts to try to identify
the source of error in this case.
Medici's built-in function was used to introduce Schottky contact between the wafer
and the etching solution. Schottky contacts are defined in Medici by the work
function of the electrode metal and a surface recombination velocity [16].
After introduction of the Schottky barrier and normalization of the hole currents the
dashed-line hole profile in Figure V-11 is obtained.





















The positive point about this simulation is that a significant drop of the hole current in
the inner part of the irradiation can be observed. This might explain why almost no
porous silicon is formed in these regions. The hole current is 7 times lower, so rate of
porous silicon formation is expected to be significantly lower. The negative point of
this however is that a large current decrease occurs over a distance of more than
100µm on the outside of the irradiation. We have found absolutely no experimental
evidence of such a phenomenon happening.
Further simulation studies have shown that introducing a Schottky contact with
Medici in the line and grating simulations jeopardizes the results by dramatically
reducing their dependence to all parameters dramatically. Almost no dependence on
resistivity or dose any longer exists, which is contradictory with experimental
observations.
We concluded that introducing a Schottky contact in such a manner was not
satisfactory and decided to continue our work using two ohmic contacts. However this
study showed that the non-etching of the inner parts of close irradiated shapes might
be foreseeable and that maybe a software enabling proper simulation of the HF-Si
Schottky-like contact might let us understand what is so peculiar about these
geometries.
V.3 Multiple height structures: tapered waveguide
We have seen in both single line and grating cases that there is a direct relation
between dose and hole current in the irradiated region. Since the hole current controls
the etching process we considered how to of create structures with multiple heights by
using multiple irradiation doses. Prior to the experiment, Medici was used to model
the proposed structures and extract the exact doses needed for the experimental
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conditions. After the experiment, Medici was used to try to understand the results
obtained.
V.3.a)  Simulation work
The tapered waveguide is the first multiple height structure we have tried to machine
(Figure V-12). Such a device can be used as an optical fibre adaptor between a large
radius fibre and a small area waveguide in the y direction. Tapered waveguide designs
in semiconductors have been previously investigated [25,26]. Typical dimensions of
500µm length in the y direction and areas of 10x10µm2 to 4x4µm2 at the two ends are
expected to ensure that all interfaces have slopes that maximise the transferred
intensity in our particular case. If these proportions can be achieved, the quality of the
adaptor is mainly determined by the roughness of the three interfaces. With ion beam
writing in silicon we can easily pattern the two narrowing sidewalls with a very low
roughness. The main difficulty lies in the top interface, whose slope has to be very
regular.
Figure V-12: Scheme of the tapered waveguide
We have focused on this interface and considered structures with parallel sidewalls.
Since the relation between dose and hole current was linear in both the single line and
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the grating simulations, we first attempted to obtain a simulated linearly decreasing
hole current in the irradiated region by inputting a linearly increasing dose in the
range. The result obtained is shown on Figure V-13.
Figure V-13: Hole current profile for a linear dose increment
between 1012 and 5·1013 ions.cm-2
Although the dose range matched the dose range of the previous simulations the result
is not satisfactory. The profile is not linear and reaches a zero current value at a
distance of 250µm instead of 500µm. We believe this unexpected result can be related
to the width dependency simulations. The increasing dose irradiation is formed by
superposed irradiated lines. One cannot consider each of them alone and sum all their
effects to forecast how the whole structure will influence hole flow. We therefore
have to consider the irradiation as a whole and consider the hole current drop with
widening irradiated regions. This drop may explain both the non-linear shape of the
curve and the fact that the zero current value is reached too quickly.
We have tried to correct these results by decreasing the dose slope. We managed to














as desired, but not linearly. We therefore tried a logarithmic variation of dose. Figure
V-14 shows the hole current profile obtained with a suitable logarithmic function.
Figure V-14: Hole current profile for a logarithmic dose increment
between 6.7·1013 and 8.4·1013 ions.cm-2
This result is satisfying because the decrease of the hole current is almost linear
throughout the whole 0 to 500µm range. It was obtained with doses ranging from
6.7·1013 to 8.4·1013 ions.cm-2 with a minimum dose step of 1011ions.cm-2 between two
neighbouring regions. Experimentally since the beam current cannot be changed
during the irradiation these values imply that the lowest dose region has to be
irradiated 670 times and the highest dose region 170 times more. Considering the size
of the structure (500x10µm2), this number of iterations makes it very long to irradiate.
We have thus chosen to pattern structures with linear dose increment, in addition to
our simulated one. They were targeted to have a wider dose range, higher dose step














V.3.b)  Micromachining results
Figure V-15: SEM images of a line irradiated with, a) & c) a logarithmic dose
increase, b) & d) a linear dose increase
Figure V-15 shows the structures we obtained experimentally. The logarithmic
increment of the dose gave poor results. On the contrary linear increment of the dose
gave satisfying results. The pictures taken from the side of the structures (c & d) show
clearly that the logarithmic dose produced an almost perfectly flat structure, whereas
the linear one produced a tapered structure with height varying from 0 to 7µm over a
200µm distance. The results obtained seem inconsistent with the simulations we made
at first, but few remarks can be made.
Although satisfying, the result on the linear dose is not very promising. The main
reason for that is that it was obtained by irradiating a large range of doses. This has




unsuitable for the use we were targeting. Second, the height shift we were able to
obtain is happening too fast. To correct this without increasing the irradiation time too
much we would have to decrease the dose range and we would lower our chances of
observing the shift.
For this reason, we further investigated the logarithmic increase of the dose. It soon
appeared that two factors could be put forward to explain the poor results. The first
one is the important effect of wafer resistivity change on this experiment.
Figure V-16: Hole current profiles for tentative tapered waveguides
in various wafer resistivities
Figure V-16 shows how a change by a factor 2 or less in the wafer resistivity can
affect the hole current profile. We believe that in our experimental case this is the
problem that occurred. The wafer we used had a resistivity twice as large as what we
initially thought.
The major issue here is that resistivity cannot be measured accurately, locally. We are



















cannot get rid of the uncertainty arising from the difference between local and total
resistivity.
Figure V-17: Hole current profiles for tentative tapered waveguides at various doses
Figure V-17 illustrates the second problem this experiment faces. The hole current
profile is highly dependent on the dose and a 20% increase or decrease dramatically
affects its shape. Although we do not think that this was the main source of error in
our experiment we believe it might have played a role since the beam current was
highly unstable at the time we produced the irradiated structures.
V.3.c)  Photoluminescence results
We have mentioned that the structures with linear dose gradient were not suitable for
micromachining of tapered waveguide purposes. However, they have exhibited very
interesting features in a subsequent photoluminescence study.



















Figure V-18 shows one such structure, made on a 1-10Ω.cm wafer, illuminated with
UV light. The low dose end is situated on the right side of the picture. A red shift of
the emitted light with increasing dose is observable. Figure V-19 shows that this red
shift is taking place over a distance of 200µm, corresponding to a dose ranging from
2·1011 to 8·1012 ions.cm-2.
Figure V-19: Contribution of the green and red channels to the total intensity of a line
scan along the tapered waveguide of Figure V-18
Such photoluminescent structures can be obtained on different wafer resistivities.
Higher resistivity wafers require lower doses; lower resistivity wafers require higher
doses. This is consistent with the observations made previously on resistivity
dependence. On each different wafer, one dose corresponds to one wavelength range.
This may show that we can accurately tune the emitted wavelengths of the porous
silicon formed in a specific region of the wafer. This has potentially important
applications in integrated optoelectronic device design.
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V.4 Multiple height structures: lenses
We originally designed lens patterns for micromachining purposes, but as in the
tapered waveguide case, they have shown their most interesting properties in a
photoluminescence study. The irradiation patterns consist of concentric discs with
varying doses. Two cases, dose increasing with radius and dose decreasing with
radius, have been tested. The large areas involved impose the limitation of having
fewer dose steps than in the tapered waveguide case. Figure V-20 shows a lens
created with dose increasing with the distance away from the centre of the structure.
Each dose step is clearly visible. The variation of height is not as smooth and as large
as hoped. Similar results are obtained with dose decreasing with the distance to the
centre of the lens.
Figure V-20: Micromachined inverted lens
(dose & height increase with the radius of the concentric circles)
Figure V-21 shows that tuneable photoluminescence results similar to the tapered
waveguide ones can be obtained: to a specific dose corresponds a specific range of
wavelengths.
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Figure V-21: Photoluminescence picture of a lens
(dose decreases with distance away from the centre of the structure)
An interesting photoluminescence result was obtained when considering lenses
created with dose increasing with distance to the centre of the structure. As illustrated
in Figure V-22 very high intensity can be obtained at the centre of such structure.
Figure V-22: Photoluminescence picture of a lens
(dose increases with distance away from the centre of the structure)
Although unexpected at the time, this phenomenon could have been predicted.
Usually, holes reaching the damaged regions are deflected on either side
symmetrically. In this case the dose gradient makes it more probable that they are
deflected toward the inside of the circle. This is because higher doses have higher
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deflecting power and locally a damaged region is always surrounded by a higher dose
region on the outside of the structure and a lower dose region on the inside. The
cylindrical symmetry of the structure ensures that holes deflected toward the centre of
the circles are actually trapped in this region. Figure V-23 shows that this
phenomenon is observable in Medici simulations.
Figure V-23: Hole current and dose variation over a radius of the simulated lens
The hole current in the centre of the structure is more than 100% higher than the
background level. Some ripples can be observed at the edge of each dose step, both on
the simulation result and on the picture in Figure V-22 (darker and lighter rings). A
line scan of the intensity of this picture links these dark and light rings to the ripples
observed in the hole current profile. Although Figure V-24 shows that the picture is



















Figure V-24: Intensity line scan over the lens presented in Figure V-22
We believe these ripples originate from the abrupt change in the dose in the vicinity
of the dose steps. It creates a depopulation of holes in the higher dose region and an
overpopulation of holes in the neighbouring lower dose region.
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Conclusions
TCAD simulations of ion irradiation for silicon micromachining and porous silicon
micro-patterning purposes have been performed in this study.
Experimentally a focused ion beam of high energy is used to locally damage the
silicon sample before it is electrochemically etched in hydrofluoric acid. During the
etching, porous silicon formation is dramatically slowed where the crystal has been
irradiated. This allows the creation of micrometer-scale porous silicon patterns with
localized specific photoluminescence capabilities. If the porous silicon is removed,
irradiated silicon stands out of the sample and 3 dimensional microstructures are
created.
In simulations the damage created by ion irradiation have been modelled by electron
and hole traps introduced in the silicon crystal. Two regions with different trap
densities and geometries are created to account for the depth distribution of the
damage. A bias is applied to the simulated wafer; and time evolution is not
considered, so the system is studied in an equilibrium state, at the very beginning of
the etching process.
From the simulation results, a possible physical origin of the lowering of porous
silicon formation rate by ion irradiation has been identified. The difference between
hole and electron trap lifetimes turns the ion-damaged region into a positively charged
region when a bias is applied to the sample. Thus, the flow of holes is repelled from
this region during etching and porous silicon formation rate, which is proportional to
the hole current density, is locally lowered.
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Experimental parameters have been studied in our simulations to investigate possible
means of structure definition improvement. Two of them, ion dose and resistivity of
the wafer, could play an important role. It seems that, all other parameters being kept
constant, a decrease of the ion dose or a decrease of the resistivity of the wafer lowers
the effect of the damaged region on the flow of holes. A correct choice of these two
parameters could improve dramatically the definition of the patterned structures.
Ion dose is also a key parameter for the creation of multi-height structures such as
linear-tapered waveguides or lenses. Simulations have shown the feasibility of such
structures through adequate variation of ion dose across the irradiated pattern. Though
the accuracy required on dose deposition is barely achievable today, promising results
have been obtained. Dose variation has also shown very interesting features for the
photoluminescence studies by enabling the formation of patterns with locally distinct
emission wavelengths or continuous wavelength spectra from red to green.
This work opens perspectives in both experiment and simulation fields. For further
experimental studies, key parameters have been identified that may enable the
achievement of sharper structures. Also, the possible electrostatic origin of ion
damage effect on the hole flow may be experimentally studied and taken into account
to create particular designs that could reduce its effects and lead to creation of sharper
structures and denser patterns.
Further simulation studies can be made with the same simple model we have used.
Good qualitative and quantitative results have been obtained, and for example the
study of particular designs to reduce electrostatic effects we just mentioned could be
done through simulation as well, without changing the model we have used.
However, our model was not able to explain properly why porous silicon forms
differently in close shape irradiations. This feature is a limit to the versatility of the
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technique that needs to be overcome for example if design of complete Micro
ElectroMechanical Systems with proton beam writing is to be considered. The use of
a software that could enable the proper simulation of the Schottky contact between the
silicon wafer and the etching solution might give better results in future works.
Pursuing further simulation work and refining the model could lead to very interesting
developments if it were to give a better insight on still unexplained phenomena.
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